Introduction {#Sec1}
============

Chimeric antigen receptors (CARs) are synthetic receptors that redirect lymphocytes to recognize and eliminate cells expressing a cognate target ligand^[@CR1]^. CAR T cells targeted at cancer cells are the most widely studied form of this technology. Following the demonstration of remarkable response rates in patients with large B cell lymphoma or acute lymphoblastic leukaemia (ALL)^[@CR2]--[@CR5]^, adoptive transfer of autologous CD19-targeted CAR T cells became the first therapeutic approach with a genetic engineering component to be approved by the FDA for use in the USA^[@CR6],[@CR7]^. Investigators are attempting to broaden the therapeutic benefits of CAR T cells by combining them with numerous other types of anticancer therapies (previously reviewed elsewhere^[@CR8]^) or through innovations in CAR design to address the safety and production issues associated with the currently approved agents as well as to enhance their efficacy and overcome treatment resistance. In parallel, novel CAR engineering strategies are being developed to expand the clinical successes achieved with CAR T cells to patients with other malignancies, including solid cancers. In this Review, we provide an overview of basic CAR design and discuss emerging strategies to engineer safer and more effective CAR T cells for the treatment of haematological and solid cancers.

CAR structure {#Sec2}
=============

CARs have a modular design with four major components: an antigen-binding domain, a hinge, a transmembrane domain and an intracellular signalling domain (Fig. [1](#Fig1){ref-type="fig"}). Each of these elements has a distinct function and, optimal molecular design of the CAR can be achieved through many variations of the constituent protein domains.Fig. 1Blueprint of CAR design.Chimeric antigen receptors (CARs) have a modular design consisting of an antigen-binding domain, a hinge, a transmembrane domain and an intracellular signalling domain. In preclinical and clinical studies of CAR T cells, investigators have used reference sequences from a myriad of molecules within each of these domains. The antigen-binding domain is usually a single-chain variable fragment (scFv) molecule derived from a monoclonal antibody (mAb; from mouse anti-human CD19 antibodies, for example, in the currently FDA-approved CAR T cell products). The intracellular signalling domain generally contains a T cell activation domain derived from the CD3ζ chain of the T cell receptor as well as co-stimulatory domains that often comprise immunoreceptor tyrosine-based activation motif-containing regions of CD28 or 4-1BB (also known as CD137 and TNFRSF9). CAR gene constructs can be further modified to engineer CAR T cells with expression of an 'armour' protein, which is typically a cell-surface or secreted immunomodulatory molecule that enhances T cell function or favourably modifies the tumour microenvironment. Variation of each of these component parts of CAR constructs enables fine tuning of the functionality and antitumour activity of the resultant CAR T cell product, and CARs with various designs are being developed to improve the safety and efficacy of these therapies across various cancers. In addition, gene editing of the engineered T cells to further enhance CAR T cell function is a promising avenue of research in this area. BiTEs, bi-specific T cell engagers; DARPins, designed ankyrin repeat proteins; ICOS, inducible T cell co-stimulator; IL-1Ra, IL-1 receptor antagonist; KIR2DS2, killer cell immunoglobulin-like receptor 2DS2; V~H~H, variable domain of a heavy chain antibody.

Antigen recognition and binding domains {#Sec3}
---------------------------------------

The antigen-binding domain is the extracellular portion of the CAR that recognizes the target antigen and redirects the specificity of CAR-expressing lymphocytes accordingly (Fig. [1](#Fig1){ref-type="fig"}). The antigen-binding domains of CARs have traditionally been composed of the variable heavy (V~H~) and variable light (V~L~) chains of monoclonal antibodies, connected by a flexible linker to form a single-chain variable fragment (scFv)^[@CR9]^. The (Gly~4~Ser)~3~ peptide is the most commonly used linker, exploiting glycine residues for flexibility and serine residues for solubility and resulting in a properly folded scFv capable of antigen recognition and binding^[@CR10]^. CARs classically contain scFvs targeting extracellular antigens of cell-surface proteins expressed by cancer cells, thus enabling major histocompatibility complex (MHC)-independent T cell activation; however, MHC-dependent, T cell receptor (TCR)-mimic CARs that enable the recognition of intracellular tumour-associated antigens (TAAs) have also been described^[@CR11]--[@CR14]^. CARs have also been engineered with scFvs that bind to soluble ligands present in the tumour microenvironment (TME), such as transforming growth factor-β (TGFβ)^[@CR15]^, in order to convert an immunosuppressive signal often present in solid tumours into a potent T cell activator.

scFv sequences are typically derived from murine or human monoclonal antibodies, although CARs have also been engineered to contain smaller, naturally occurring single-domain antibodies (nanobodies) comprising the V~H~ domain of camelid heavy-chain antibodies (which inherently lack light chains and thus V~L~ domains)^[@CR16]^. Human scFv phage display libraries are another source of scFv sequences^[@CR10],[@CR17],[@CR18]^.

Certain characteristics of the scFv can have effects on CAR function beyond solely recognizing and binding the target antigen. For example, the mode of interaction between the V~H~ and V~L~ chains, and thus the relative position of the complementarity-determining regions, can affect the specificity and affinity of the CAR for its target antigen^[@CR19]^. Importantly, scFv affinity for the target antigen is a fundamental determinant of CAR function and should be high enough to effectively recognize tumour cells and induce CAR signalling and T cell activation; however, excessively high affinity can lead to activation-induced cell death (AICD) of the CAR-expressing cell and, potentially, toxicities^[@CR20]--[@CR25]^. Adding to the complexity of CAR design, the use of different scFvs with similar affinities for the same target protein can have dissimilar effects on CAR T cell function^[@CR18]^. Target antigen density and epitope location are also crucial factors to consider in identifying an ideal scFv for CAR engineering in order to optimize binding of the CAR to its target. Finally, certain scFvs are associated with ligand-independent tonic signalling, which has been shown reduce the efficacy of CAR T cell therapy in preclinical models by leading to terminal effector T cell differentiation, exhaustion and/or AICD^[@CR17],[@CR26]^.

Molecules other than scFv have been used as alternative antigen-binding domains for CARs. For example, zetakine CARs comprising cytokines fused to intracellular signalling domains, such as those targeting IL-13 receptor α2 (IL-13Rα2) via membrane-tethered IL-13 linked to the intracellular 4-1BB and CD3ζ domains, have been tested in clinical studies^[@CR27]^. Other ligand-based CARs are being tested in preclinical and clinical studies across a range of malignancies, including those incorporating a proliferation-inducing ligand (APRIL) to target B cell maturation antigen (BCMA) and transmembrane activator and calcium-modulator and cyclophilin ligand (TACI), which are receptors implicated in the pathogenesis of multiple myeloma^[@CR28]^, FLT3 ligands to target FLT3^+^ acute myeloid leukaemia (AML)^[@CR29]^, granulocyte--macrophage colony-stimulating factor (GM-CSF) to target the GM-CSF receptor (CD116) involved in the pathogenesis of juvenile myelomonocytic leukaemia^[@CR30]^ or natural killer (NK) cell receptor D (NKG2D) to target NKG2D ligands on the surface of cancer cells^[@CR31]^. Finally, T cells expressing CARs with peptide domains developed de novo for binding to specific antigens, such as designed ankyrin repeat proteins (DARPins) targeting HER2 (refs^[@CR32],[@CR33]^) or adnectin peptides (derived from tenth type III domain of human fibronectin) targeting EFGR^[@CR34]^, have demonstrated preclinical efficacy.

Hinge and transmembrane domains {#Sec4}
-------------------------------

The hinge and transmembrane domains of CARs connect the extracellular antigen-binding domain to the intracellular signalling domains. The hinge provides sufficient flexibility to overcome steric hindrance and adequate length to facilitate access to the target antigen. Of note, differences in the length and composition of the hinge can affect antigen binding and signalling through the CAR^[@CR35]^. The characteristics of the hinge and transmembrane domain also influence CAR T cell cytokine production and AICD^[@CR36]^. Spacer sequences in the hinge domain enable the CAR to access membrane proximal antigen epitopes^[@CR37]--[@CR40]^, albeit at the potential cost of decreased CAR T cell function^[@CR41],[@CR42]^. Amino acid sequences from CD8, CD28, IgG1 or IgG4 have been utilized in CAR hinge domains (Fig. [1](#Fig1){ref-type="fig"}), although some of the IgG-derived peptides can interact with Fcγ receptors (FcγRs), leading to CAR T cell depletion and thus decreased persistence in vivo^[@CR43],[@CR44]^.

The transmembrane domain anchors the CAR in the T cell membrane and is usually derived from type I proteins such as CD3ζ, CD28, CD4 or CD8α (Fig. [1](#Fig1){ref-type="fig"}). The transmembrane domain used influences the stability and function of the CAR^[@CR45],[@CR46]^. For example, CARs containing the CD28 transmembrane domain are more stable than those harbouring the transmembrane region of CD3ζ^[@CR47]^. Interestingly, however, the CD3ζ transmembrane domain mediates CAR dimerization and incorporation into endogenous TCRs, which might facilitate CAR-mediated T cell activation^[@CR45]^. CAR T cells with CD8α hinge and transmembrane domains have been shown to release less IFNγ and TNF and are less susceptible to AICD than those in which these domains are derived from CD28 (ref.^[@CR36]^).

Intracellular signalling domains {#Sec5}
--------------------------------

The fourth component of the CAR, the intracellular signalling domain, typically comprises an activation domain and one or more co-stimulatory domains (Fig. [1](#Fig1){ref-type="fig"}). The vast majority of CARs activate CAR T cells via CD3ζ-derived immunoreceptor tyrosine-based activation motifs. However, signalling mediated by these motifs alone is insufficient to induce productive T cell responses and results in limited in vivo T cell persistence and activity^[@CR48]^; a co-stimulatory signal is necessary for optimal T cell function, metabolism and persistence. T cells with CARs containing co-stimulatory domains in addition to activation domains produce IL-2 and can proliferate upon repeated antigen exposure^[@CR49]^. The most widely studied co-stimulatory domains are derived from CD28 or 4-1BB (CD137), and CAR T cell products utilizing either of these domains are FDA approved^[@CR6],[@CR7]^. CD28-domain CAR T cells and 4-1BB-domain CAR T cells are both associated with high response rates in patients but have different functional and metabolic profiles^[@CR50]^. T cells expressing CARs with CD28 domains differentiate into effector memory T cells and predominantly utilize aerobic glycolysis, whereas 4-1BB-containing CAR T cells differentiate into central memory T (T~CM~) cells and have increased mitochondrial biogenesis and oxidative metabolism^[@CR51]^. T cells with CARs containing alternative co-stimulatory domains have demonstrated efficacy in preclinical models but have not yet been tested in patients. These domains include those derived from MYD88 and CD40 (ref.^[@CR52]^), OX40 (CD134)^[@CR53],[@CR54]^, inducible T cell co-stimulator (ICOS)^[@CR55]^, CD27 (refs^[@CR56],[@CR57]^) and killer cell immunoglobulin-like receptor 2DS2 (KIR2DS2; combined with co-expression of TYRO protein tyrosine kinase-binding protein, also known as DAP12)^[@CR58]^.

Building on the four modular components of CARs and informed by the success and failures of CAR T cells in clinical studies, investigators are innovatively engineering CAR T cells in a variety of ways. These strategies aim to improve the safety and efficacy of CAR T cell therapies, broaden the range of cancers amenable to such treatments and facilitate more rapid, reliable and efficient production of these agents.

Overcoming treatment-related toxicities {#Sec6}
=======================================

Therapeutic responses to CAR T cells in patients who otherwise have limited treatment options have been dramatic in some trials^[@CR2]--[@CR5]^, although at the cost of high rates of severe adverse events, including some fatalities. These toxicities have been best characterized in patients treated with CD19-directed CAR T cells, which were among the earliest CAR T cell therapies used in successful clinical trials and the first to gain FDA approval^[@CR6],[@CR7]^. Mechanistically, the major CAR T cell toxicities can be divided into two categories: 1) general toxicities related to T cell activation and subsequent systemic release of high levels of cytokines; and 2) toxicities resulting from specific interactions between the CAR and its target antigen expressed by non-malignant cells --- termed on-target, off-tumour effects.

Systemic cytokine toxicities {#Sec7}
----------------------------

Severe and sometimes lethal increases in systemic cytokine levels have been observed in patients treated with CAR T cells in many clinical trials, including all of the successful trials of anti-CD19 CAR T cells^[@CR2]--[@CR5]^. These effects reflect the robust interactions of CAR T cells with cancer cells and/or cells of the host immune system, which result in CAR T cell activation and expansion and, in some patients, a vicious cycle of immune cell cross-activation and systemic cytokine release that can reach toxic levels^[@CR59]^. These toxicities include cytokine-release syndrome (CRS), haemophagocytic lymphohistiocytosis (HLH) and/or macrophage activation syndrome (MAS), and a distinct neurotoxicity now referred to as immune effector cell-associated neurotoxicity syndrome (ICANS)^[@CR60]^.

CRS is characterized by increased serum levels of inflammatory cytokines, fever, hypotension, hypoxia and organ dysfunction and is often responsive to treatment with the anti-IL-6 receptor antibody tocilizumab, the anti-IL-6 antibody siltuximab or corticosteroids. CAR T cell-induced HLH/MAS is a rare and more severe systemic hyperinflammatory syndrome diagnosed based on manifest symptoms of CRS and combinations of elevated serum levels of ferritin and liver enzymes, haemophagocytosis, cytopenias, renal failure, pulmonary oedema, splenomegaly and/or an absence of NK cell activity. CAR T cell-related HLH/MAS can be refractory to targeted inhibition of the IL-6 pathway and might require the use of chemotherapy (systemic etoposide or, in the context of HLH-associated neurotoxicity, intrathecal cytarabine), extrapolating from the management paradigms of non-CAR-related refractory HLH^[@CR2]^.

ICANS is associated with disruption of the blood--brain barrier and increased cerebrospinal fluid cytokine levels^[@CR61]^ and can present as aphasia, an altered mental state, tremor, seizures, headache and life-threatening cerebral oedema, often occurring concurrently with or following CRS^[@CR60]^. Management of ICANS can involve corticosteroids and/or IL-6 pathway inhibitors if symptoms of CRS are also present as well as appropriate adjunctive and/or supportive treatment of neurological symptoms and abnormalities evident on neuroimaging and electroencephalography^[@CR2]^.

Increased appreciation and understanding of these characteristic toxicities has led to improved clinical management, with the establishment of grading and treatment guidelines^[@CR2],[@CR60]^, changes to the method of cell isolation during manufacturing^[@CR62]^ and altered dosing levels^[@CR3],[@CR62]^. Agents targeting the IL-6 pathway, such as tocilizumab or siltuximab, are increasingly used in addition to, or as a replacement for, corticosteroids, thus reducing or avoiding the observed detrimental effects of corticosteroids on the antitumour activity of CAR T cells^[@CR63]^. The risk of cytokine-related toxicities is proportional to tumour burden and can, therefore, be attenuated by paradoxically decreasing the number of cells infused in patients with high-volume disease; however, this association is inexact^[@CR3],[@CR61]^, and fundamental modifications of CAR designs might be a better approach to ameliorate cytokine-related toxicities.

To achieve clinical efficacy while avoiding general systemic cytokine toxicities, CAR T cells must reach a threshold level of activation and cytokine secretion without exceeding a level that results in a vicious cycle of cytokine release. The degree and kinetics of CAR T cell activation is influenced by the overall tumour burden, the level of antigen expression on the tumour cells, the affinity of the scFv (or other antigen-binding domain) for the antigen and the co-stimulatory elements included in the CAR, along with other factors^[@CR64],[@CR65]^. Thus, the therapeutic window of CAR T cell activation will be different with different CARs and will need to be established for each CAR using careful dose-escalation schedules in phase I trials. Nevertheless, several components of the CAR can be engineered to optimize this therapeutic window.

CD28 co-stimulatory domains have been associated with a more rapid onset of CAR T cell activity and subsequent exhaustion than 4-1BB domains; correspondingly, 4-1BB domains have been associated with lower peak levels of T cell expansion, leading to increased T cell endurance and a lower risk of cytokine-mediated toxicities^[@CR66]^. Thus, the choice of co-stimulatory domain offers a modifiable variable in CAR design that can potentially be tailored to the tumour type and burden, the target antigen and antigen density, and the specific CAR scFv used. Inclusion of a 4-1BB co-stimulatory domain might be sufficient and less toxic in patients with a high disease burden and/or with tumours with a high antigen density (resulting in a high CAR scFv avidity); however, a CD28 domain might be needed to reach the required threshold of T cell activation in the context of a low total surface antigen density and/or a CAR with a low-affinity antigen-binding domain.

Cytokine secretion by activated CAR T cells can also be modulated through engineering of other parts of the CAR construct. For example, modification of the CD8α-derived hinge and transmembrane amino acid sequences of a CD19-targeted CAR resulted in reduced CAR T cell proliferation and lower levels of cytokine release^[@CR67]^. In a phase I trial^[@CR67]^, these CAR T cells induced complete remissions in 6 of 11 (54.5%) patients with B cell lymphoma, with no grade \> 1 ICANS or CRS observed.

In addition to the cytokine storm induced by cytokines released from activated CAR T cells, recognition of the CAR constructs by host immune cells and the subsequent immune responses might also contribute to cytokine-related toxicities. The use of human or humanized antibody fragments for CAR construction^[@CR68]^, rather than those derived from mouse antibodies, as well as modification of the extracellular hinge region and/or transmembrane domain^[@CR43],[@CR44]^ can reduce the immunogenicity of the CAR. Importantly, this strategy might simultaneously decrease the risk of cytokine-mediated toxicities and improve CAR T cell persistence^[@CR44],[@CR68]^.

The T cells transduced with the CAR can also be further modified through genetic engineering in order to avert or ameliorate toxicities. In preclinical models, inhibition of the macrophage-activating and monocyte-activating cytokine GM-CSF using the antibody lenzilumab increases CAR T cell activity while decreasing the risk of CRS, and mutational inactivation of GM-CSF in the transduced T cells has similar effects^[@CR69],[@CR70]^. Similarly, preclinical evidence implicates IL-1 released by monocytes and/or macrophages in CAR T cell-associated CRS and ICANS^[@CR71],[@CR72]^. Accordingly, IL-1 receptor antagonists, either administered systemically or secreted from engineered CAR T cells, ameliorate CRS and neurotoxicity in mouse models of leukaemia or lymphoma treated with anti-CD19 CAR T cells^[@CR71],[@CR72]^. In addition, myeloid cell-specific deletion of tyrosine hydroxylase or inhibition of this enzyme using metyrosine reduces circulating catecholamine and, in turn, cytokine levels after anti-CD19 CAR T cell therapy in a mouse model of lymphoma^[@CR73]^. Further modification of these pathways through CAR T cell engineering could provide opportunities to reduce the toxicity of these agents. Alternatively, CARs can be engineered to recognize bi-specific adapter molecules that also contain moieties that bind to receptors expressed on cancer cells (for example, folate receptors), thus bridging CAR T cells and cancer cells (Fig. [2Aa](#Fig2){ref-type="fig"}); dosing of these short half-life, small-molecule adaptors can then be controlled dynamically in order prevent or terminate CRS^[@CR74],[@CR75]^.Fig. 2Overcoming systemic cytokine toxicities of CAR T cells.The activation and rapid expansion of chimeric antigen receptor (CAR) T cells in patients treated with these agents is associated with high systemic levels of cytokines. To counter this effect in the event of systemic cytokine-related toxicities, researchers are engineering methods to control CAR expression or activity. **A** \| CAR T cells with on/off switches predicated on small-molecule adapter ligands (**a**), CAR subunit-dimerizing agents (**b**), inhibitors of signalling downstream of the CAR (**c**), or protease inhibitors used to control CAR protein expression (**d**). **B** \| Suicide gene systems that enable elimination of CAR T cells via induction of apoptosis (**a**) or antibody-dependent cellular cytotoxicity (ADCC) and/or complement-dependent cytotoxicity (CDC) (**b**). **C** \| CAR T cells engendered with the intrinsic ability to secrete factors that neutralize relevant cytokines. FcR, fragment crystallizable region receptor; GM-CSF, granulocyte--macrophage colony-stimulating factor; iCasp9, inducible caspase 9; IL-1R, IL-1 receptor; IL-1Ra, IL-1 receptor antagonist; mAb, monoclonal antibody; NK, natural killer; scFv, single-chain Fv; SMASh-CAR, small molecule-assisted shutoff chimeric antigen receptor.

Another strategy to control the toxicity of CAR T cells is the engineering of 'off switches' or 'suicide genes' into the CAR construct, providing a means to deactivate CAR T cells if and when either cytokine-mediated or on-target, off-tumour toxicities occur (Figs [2Ab](#Fig2){ref-type="fig"}--[d](#Fig2){ref-type="fig"}, [2Ba](#Fig2){ref-type="fig"},[b](#Fig2){ref-type="fig"}). Numerous approaches have been developed, some based on co-expression of the CAR and human cell-surface antigens for which FDA-approved therapeutic antibodies already exist (Fig. [2Bb](#Fig2){ref-type="fig"}), including CD20, which is targetable with rituximab^[@CR76]--[@CR78]^, or the extracellular and transmembrane domains of EGFR, which can be targeted with cetuximab^[@CR79]^. Administration of rituximab or cetuximab to patients with CAR T cell-related toxicities has not been reported and thus the clinical efficacy of this approach remains to be determined. Notwithstanding, a limitation of this approach is the slow onset of antibody-mediated killing of CAR T cells, which might limit its utility in patients with severe, acute cytokine-mediated toxicities that require rapid reversal.

A more rapid safety switch has been developed using an apoptosis-triggering fusion protein comprising caspase 9 linked to a modified form of the FK506-binding protein FKBP1A (iCasp9), with the latter enabling conditional dimerization and activation of the fusion protein through binding to a systemically administered and otherwise biologically inert small molecule (AP1903) (Fig. [2Ba](#Fig2){ref-type="fig"}). In a clinical trial, five patients received an allogeneic haematopoietic stem cell transplant for the treatment of acute leukaemia followed by iCasp9-modified donor T cells to enhance immune reconstitution; the dimerizing agent was subsequently administered to four patients who developed graft versus host disease (GVHD), resulting in elimination of \>90% of the modified T cells within 30 minutes and resolution of GVHD^[@CR80]^, thus demonstrating the potential of this approach for rapid depletion of CAR T cells.

Another strategy to dynamically and rapidly control CAR T cell function involves the regulation of the expression of CARs on the surface of T cells using the protease-based small molecule-assisted shutoff CARs (SMASh-CARs), also known as switch-off CARs (SWIFF-CARs)^[@CR81]^ (Fig. [2Ad](#Fig2){ref-type="fig"}). In this system, a protease target site and protease are embedded in the CAR construct, together with a 'degron' moiety that promotes degradation of the CAR protein. In the 'on' state, the target site is cleaved, resulting in removal of the degron from the CAR protein, and thus the CAR is expressed on the surface of the T cells; however, upon administration of an exogenous small-molecule protease inhibitor, the CAR protein is not cleaved, resulting in retention of the degron and CAR degradation via the proteolytic pathway.

More recently, Mestermann et al.^[@CR82]^ demonstrated that the tyrosine kinase inhibitor dasatinib, which is an FDA-approved treatment of Philadelphia chromosome-positive chronic myeloid leukaemia and ALL, interferes with CAR activity by inhibiting LCK, thereby disrupting signalling downstream of the activated CD3ζ domain (Fig. [2Ac](#Fig2){ref-type="fig"}). Accordingly, dasatinib rapidly and reversibly prevented CAR T cell activation and, when administered shortly (3 hours) after cell infusion, markedly reduced mortality from CAR T cell-induced CRS in a mouse model of lymphoma^[@CR82]^. If these observations are validated in clinical studies, dasatinib could provide a readily available, reversible and well-tolerated pharmacological safety switch that, unlike many other safety switches, does not result in eradication of CAR T cells.

Thus, safety switches hold promise as a means of eliminating CAR T cells when toxicities arise; however, in clinical practice, CAR T cells are generally sensitive to corticosteroids and chemotherapeutic agents (such as cytarabine and fludarabine)^[@CR59]^, which provide well-established and widely available backstops should these safety switches fail.

On-target, off-tumour toxicity {#Sec8}
------------------------------

Successful use of CAR T cells in the treatment of patients with B cell malignancies has been associated with B cell aplasia and resultant hypogammaglobulinaemia owing to CAR T cell-mediated eradication of CD19^+^ B cell progenitors in the bone marrow^[@CR83]^. This widely observed toxicity of anti-CD19 CAR T cells is well tolerated and treatable with periodic infusions of intravenous immunoglobulins to replace antibodies that would otherwise have been produced by the patient\'s B cells. The potential for less tolerable on-target, off-tumour toxicities with agents targeting other candidate TAAs limits the clinical use of many CAR T cell products. In a clinical trial of a carbonic anhydrase IX (CAIX)-targeted CAR T cell product involving patients with renal cell carcinoma, multiple patients developed liver enzyme abnormalities^[@CR84]^. These adverse effects were attributed to CAR T cell infiltration into the CAIX-expressing bile duct epithelium and were prevented in subsequent patients through the administration of an antagonistic anti-CAIX monoclonal antibody^[@CR84]^, providing strong evidence of on-target, off-tumour toxicities. Much more alarmingly, a patient receiving HER2-directed CAR T cell therapy for metastatic colon cancer developed respiratory distress and pulmonary oedema 15 minutes after cell infusion, which progressed to multiorgan failure and death^[@CR85]^. The mechanism of this toxicity was speculated to be mediated by recognition of HER2 in non-malignant lung tissue by CAR T cells, triggering a systemic cytokine storm^[@CR85]^. Of note, HER2 is expressed at low levels in many non-malignant tissues, and the antibody trastuzumab, on which the CAR was based, has known on-target, off-tumour effects^[@CR86]^. All other elements of the trial protocol, including the history of agents targeting HER2, the type of retrovirus used to generate CAR T cells and the T cell dose, were determined based on clinical experience to be safe^[@CR85]^, supporting the evidence suggesting that CAR T cell responses to HER2 expressed on non-malignant lung cells caused the toxicity. However, the onset of symptoms only 15 minutes after infusion is uncharacteristic of T cell-mediated responses. Moreover, the clinical presentation resembled acute respiratory distress syndrome^[@CR85]^, which often occurs as a result of inflammation from a source outside of the lungs (for example, the bloodstream or pancreas, or as a sequelae of transfusion-related lung injury), and therefore the cytokine storm could potentially have resulted from an immune process unrelated to the CAR interacting with HER2 in lung tissue. HER2-targeted CARs used in trials involving patients with sarcoma have been better tolerated, with no reported CRS or ICANS^[@CR87]^. Nevertheless, similar episodes of pulmonary oedema, including one fatal event, have occurred in patients with glioma after treatment with a CAR T cell product targeting EGFR variant III (EGFRvIII)^[@CR88]^, although, again, without definitive evidence of a specific interaction of the CAR with EGFR expressed on non-malignant lung cells. Less severe pulmonary toxicities have also been observed in a trial of CAR T cells targeting carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5), specifically in all of four patients who received a high CAR T cell dose (a total of 0.33--3.89 × 10^9^ viable cells) and intensive preconditioning with cyclophosphamide and fludarabine^[@CR89]^. These toxicities were hypothesized to be attributable to interactions between CAR T cells and non-malignant CEACAM5-expressing cells in the lung; however, no definitive evidence of such interactions was established and no gastrointestinal toxicities were observed^[@CR89]^, despite the known expression of CEACAM5 in the gastrointestinal tract. Considering the variations in co-stimulatory domains, conditioning regimens, cytokine administration and CAR T cell dosing used in these studies, and that some of these toxicities are hard to distinguish from general cytokine-related toxicities, establishing whether the clinical complications reflect on-target, off-tumour effects is difficult. Nonetheless, technologies designed to limit on-target, off-tumour toxicities could provide opportunities to generate more clinically effective CAR therapies, and numerous approaches are currently in development^[@CR90]^. These strategies are predicated on the targeting of antigens more specific to the tumour, optimizing the interaction of CARs with cancer cells relative to non-malignant cells (Fig. [3Aa](#Fig3){ref-type="fig"}--[d](#Fig3){ref-type="fig"}), introducing the requirement for multiple antigens or the absence of a specific antigen (logic-gated CARs) (Fig. [3Ba](#Fig3){ref-type="fig"}) and/or limiting the spatial and temporal activity of CARs (Fig. [3Bb](#Fig3){ref-type="fig"}).Fig. 3Overcoming on-target, off-tumour toxicities of CAR T cells.Chimeric antigen receptor (CAR) T cells are typically designed to target tumour-associated antigens (TAAs); however, expression of these antigens on healthy tissues can result in 'on-target, off-tumour' CAR T cell-mediated toxicities. **A** \| Engineering strategies aiming to overcome this include mechanisms whereby the tumour specificity of CAR T cells is enhanced by ensuring dependency of functional activation on the recognition of multiple TAAs (**a**), the absence of an antigen selectively expressed on non-malignant cells (**b**), or the presence of factors that are typically enriched on tumour cells, such as the phosphoantigens that can be recognized via γδT cell receptors (TCRs) (**c**), or in the tumour microenvironment (TME) such as the immunosuppressive cytokine IL-4 (**d**). **B** \| Alternative strategies are based on logic gating and/or conditional expression systems, whereby expression of a CAR targeting a particular TAA is dependent on activation of another engineered transgenic receptor, such as synthetic Notch (synNotch) receptors, by a different TAA (**a**) or is driven by a factor associated with the TME such as hypoxia (**b**). C-VHL, HIF1α C-terminal von Hippel--Lindau tumour suppressor protein recognition site; HIF; hypoxia-inducible factor; iCAR, inhibitory chimeric antigen receptor; IL-2Rγ, IL-2 receptor γ chain; IL-4R, IL-4 receptor; IL-7Rα, IL-7 receptor α chain; ITIM, immunoreceptor tyrosine-based inhibitory motif; NTAD, HIF1α N-terminal transactivation domain; N-VHL, HIF1α N-terminal von Hippel--Lindau tumour suppressor protein recognition site; PD-1, programmed cell death 1; STAT5, signal transducer and activator of transcription 5; T~H~1, T helper 1.

If tumour-specific antigens cannot be identified, another strategy to target cancer cells and avoid the toxic effects on non-malignant tissues that also express the target antigen relies on differences in antigen expression levels between tumour and non-malignant tissues --- an approach termed affinity tuning. Antigens expressed at higher levels on tumour cells than on non-malignant cells could potentially be targeted using lower-affinity scFv CARs, thereby ensuring that only the tumour cells with a high antigen density can provide interactions of sufficiently high avidity to activate CAR T cells. The feasibility of this approach has been demonstrated in preclinical models, across a range of different antigens, although downregulation of the target antigen has been identified as a mechanism of resistance^[@CR23],[@CR91],[@CR92]^. In one preclinical study in which the affinity of a ganglioside GD2-targeted CAR was dramatically increased through a single amino acid substitution in the antigen-binding domain^[@CR93]^, mice developed fatal encephalitis attributed to the interaction of CAR T cells with GD2^+^ cerebellar tissue that has not been observed with the lower-affinity GD2 CAR in preclinical models or clinical trials. This finding illustrates the profound effects that subtle changes in the scFv can have on the therapeutic window of CAR T cells.

Synthetic biology paradigms have also been used to increase the specificity of CAR T cells for tumour cells based on the detection of multiple antigens in order to overcome the lack of unique tumour-specific antigens. The synNotch system^[@CR94]^ involves the use of a synthetic Notch receptor engineered to recognize one TAA, activation of which induces the expression of a second construct encoding a CAR specific to a second TAA and containing T cell activation domains --- thus creating an "AND" logic gate requiring the simultaneous presence of two cell-surface antigens for CAR T cell activation (Fig. [3Ba](#Fig3){ref-type="fig"}). This system has been used to target tumour cells expressing the antigen ROR1 (ref.^[@CR95]^), which is also present on essential bone marrow stromal cells and in other tissues; gating for expression of epithelial cell adhesion molecule (EpCAM) or B7-H3 as secondary antigens was demonstrated to increase the tumour-cell specificity and reduce the risk of toxicities in animal models, compared with traditional CAR T cells targeting ROR1 alone^[@CR95]^. However, the slow activation kinetics of such logic-gated CAR T cells might limit the efficacy of this approach. A similar logic-gating effect can be achieved by linking the CD3ζ and co-stimulatory domains to separate receptors, each recognizing different antigens (thus utilizing a first-generation CAR construct in combination with a chimeric co-stimulatory receptor) (Fig. [3Aa](#Fig3){ref-type="fig"}). The promise of this approach has been demonstrated in preclinical models of prostate cancer^[@CR96]^, breast cancer^[@CR97]^ and other experimental systems^[@CR98]^. An analogous approach involves the use of secondary chimeric cytokine receptors for tumour cell-derived cytokines, such as IL-4, to restrict T cell activity to tumour tissue^[@CR90],[@CR99]^ (Fig. [3Ad](#Fig3){ref-type="fig"}), although with the drawback that these inflammatory cytokines are not strictly tumour specific. A related strategy is predicated on the use of inhibitory CARs, which are engineered to inhibit T cell activation upon binding to an antigen expressed on non-malignant cells but not tumour cells, thus ensuring that productive signalling by a co-expressed activatory CAR only occurs in tumours. Instead of co-stimulatory domains, the inhibitory CARs contain inhibitory domains derived from immune-checkpoint proteins, such as cytotoxic lymphocyte protein 4 (CTLA-4) or programmed cell death 1 (PD-1), thereby co-opting the intrinsic immune-checkpoint signalling pathways of T cells^[@CR100]^ (Fig. [3Ab](#Fig3){ref-type="fig"}).

Numerous approaches have been developed to limit the spatial distribution and duration of CAR T cell activity in order to restrict systemic off-tumour toxicities. For example, a system exploiting the hypoxia-inducible factor 1α degradation pathway has been used with the aim of restricting CAR expression to only those CAR T cells located in the hypoxic TME^[@CR101]^, thereby reducing the adverse effects on non-malignant tissues (which are largely non-hypoxic) (Fig. [3Bb](#Fig3){ref-type="fig"}). Transient expression of CARs can be achieved by using mRNA rather than integrating DNA vectors to transduce T cells with the CAR construct^[@CR21],[@CR102]^. Potentially toxic CAR T cell products can also be controlled using various 'on-switches', including pharmacological agents that mediate transient activating structural changes of the CAR constructs such as dimerization of different peptide chains containing dissociated, *trans*-acting activatory and co-stimulatory domains^[@CR103],[@CR104]^ (Fig. [2Ab](#Fig2){ref-type="fig"}).

An alternative approach to attenuating the innate toxic potential of conventional CAR T cells involves the introduction of the CARs into a T cell subset with more favourable antitumour and safety profiles. For example, γδT cells are a T cell subset that have an innate tumour-sensing capacity by virtue of expression of TCRs with γδ subunits (rather than the more common αβ subunits), which recognize phosphoantigens that are characteristic of tumour cells with dysregulated metabolism^[@CR105]^ (Fig. [3Ac](#Fig3){ref-type="fig"}). Transduction of γδT cells with a GD2-targeted CAR harbouring only a co-stimulatory domain resulted in cytolytic responses against GD2^+^ neuroblastoma cells but not GD2^+^ non-malignant tissues in vitro (because the CD3ζ signal was only provided by tumour cells that engaged the endogenous γδTCR), illustrating the potentially improved safety profile of this approach^[@CR106]^.

One particularly creative and ambitious approach to reducing on-target, off-tumour toxicities is to genetically modify the non-malignant tissues to remove the target antigen. CAR T cell treatment for AML is limited by the lack of known cell-surface protein antigens expressed on the cancer cells that are not also present on essential neutrophils and/or essential haematopoietic progenitor cells. Kim et al.^[@CR107]^ circumvented this barrier by using the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) (CRISPR--Cas9) genome-editing system to knockout the seemingly non-essential CD33 surface marker in non-malignant haematopoietic progenitor cells. When anti-CD33 CAR T cells were subsequently administered to mice with CD33^+^ AML, the modified CD33^--^ non-malignant bone marrow and myeloid cells were not targeted. The investigators of this study noted that they are planning a clinical trial designed to investigate this approach^[@CR107]^.

Improving the efficacy of CAR T cells {#Sec9}
=====================================

Haematological malignancies {#Sec10}
---------------------------

The most pronounced clinical responses obtained with CAR T cells to date have been observed in patients with certain haematological malignancies, predominantly CD19^+^ large B cell lymphoma or ALL, although antigen escape and limited persistence of CAR T cells in vivo can restrict the durability of responses and thus the efficacy of CAR T cell therapy in these diseases. Many engineering strategies are being used to address these barriers and to expand the use of CAR T cell therapy in patients with CD19^--^ haematological malignancies.

### Countering antigen escape {#Sec11}

Despite high rates of initial response, antigen escape --- that is, complete or partial loss of target antigen expression by the cancer cells --- is observed in a notable proportion of patients treated with CAR T cells. For example, reports from multiple trials and institutional studies have indicated that 7--25% of patients treated with CD19-targeted CAR T cells relapsed with CD19^--^ disease^[@CR108]^. Mechanisms of CD19 loss include mutations and splice variants of the *CD19* gene as well as switching of tumour cells from lymphoid (B cell) lineage to a CD19^--^ myeloid one^[@CR109]^. Researchers are currently attempting to address antigen escape with a range of combinatorial strategies targeting multiple antigens (Fig. [4Aa](#Fig4){ref-type="fig"}--[c](#Fig4){ref-type="fig"}).Fig. 4Improving the efficacy of CAR T cell therapy.Several innovative engineering strategies have been used to enhance the efficacy of chimeric antigen receptor (CAR) T cells. **A** \| CAR T cell products designed to target multiple different tumour-associated antigens (TAAs) (**a**) can overcome antigen escape or heterogeneity; variations on this approach are predicated on the use of CAR T cells engineered to co-express and secrete bi-specific T cell engagers (BiTEs) (**b**) or the use of CARs targeting adapter molecules that can be linked to a range of soluble antigen-recognition moieties to enable simultaneous recognition of multiple antigens with a single CAR (**c**). **B** \| The in vivo persistence of CAR T cells can be enhanced by using less-differentiated T cell subsets (**a**) or by engineering CAR T cells to express factors that foster a supportive microenvironment such as 4-1BB ligand (4-1BBL) (**b**). **C** \| The trafficking and/or penetration of CAR T cells into solid tumours can be improved by engendering these cells with the ability to respond to tumour-associated chemokines (**a**) or to target physical barriers present in the tumour microenvironment (TME) (**b**). **D** \| Finally, CAR T cells can be engineered to overcome the immunosuppressive factors present in the TME, for example, by circumventing the activity of inhibitory immune checkpoints, including programmed cell death 1 (PD-1) (**a**), or by promoting an inflammatory milieu via the expression of cytokines (**b**) or other immunostimulatory factors, such as CD40 ligand (CD40L) (**c**). APC, antigen-presenting cell; CAF, cancer-associated fibroblast; CCR2b, CC-chemokine receptor 2b; CCR4, CC-chemokine receptor 4; CSF-1R, macrophage colony-stimulating factor 1 receptor; CSR, chimeric switch receptor; DC, dendritic cell; DNR, dominant negative receptor; FAP, fibroblast activation protein; scFv, single-chain variable fragment; shRNA, short hairpin RNA; T~CM~, central memory T cells; TCR, T cell receptor; T~eff~ cell, effector T cell; T~EM~ cell, effector memory T cells; T~H~ cell, T helper cell; T~SCM~ cell, stem cell-like memory T cell.

Sequential treatment of patients with different CAR T cell products targeting alternative antigens have been clinically useful^[@CR110]^, although engineering a single CAR T cell product that has specificity for multiple targets is an attractive strategy. Multi-target CAR T cell therapies can be created by mixing different CAR T cell products targeting single antigens prior to infusion or by transducing T cells with multiple CAR constructs^[@CR9]^. Alternatively, bi-specific CAR T cells can be engineered by designing a single CAR molecule with two (or more) distinct binding domains^[@CR9]^ and CD19/CD20 or CD19/CD22 bi-specific CAR T cells have demonstrated clinical efficacy in patients with B cell malignancies^[@CR111],[@CR112]^ (Fig. [4Aa](#Fig4){ref-type="fig"}). A number of clinical trials designed to test strategies to avoid or delay CAR T cell-associated CD19 antigen escape, including via co-targeting of both CD19 and CD20 (NCT03398967 and NCT03019055) or CD19 and CD22 (NCT03614858, NCT03593109, NCT03468153, NCT03448393, NCT03398967, NCT03330691, NCT03289455, NCT03287817, NCT03241940 and NCT03233854), are currently ongoing worldwide.

Another multi-targeted strategy involves further modification of CAR T cells to secrete bi-specific T cell engagers (BiTEs) (Fig. [4Ab](#Fig4){ref-type="fig"}). BiTEs typically consist of two scFvs, one specific to CD3 and the other to a TAA, connected by a flexible linker; therefore, these agents can physically link a T cell to a cancer cell. Notably, the CD19-targeted BiTE blinatumomab is currently approved by the FDA for the treatment of ALL^[@CR113]^. Researchers have demonstrated BiTE-secreting CAR T cells to be effective in overcoming heterogeneity in antigen expression and circumventing antigen escape in preclinical models of leukaemia and solid tumours^[@CR94],[@CR114]^.

Creating CAR T cells that can elicit an endogenous immune response is an alternative approach to generating T cell responses against multiple TAAs. These agents are referred to as armoured CAR T cells and are co-modified with immunomodulatory agents that engage and modulate other cells of the host's immune system. CAR T cells modified to express the proinflammatory molecule CD40 ligand (CD40L) provide one example^[@CR115],[@CR116]^ (Fig. [4Dc](#Fig4){ref-type="fig"}). As well as having enhanced intrinsic functionality owing to CD40L co-stimulation, these cells are capable of activating professional antigen-presenting cells and increasing the immunogenicity of tumour cells via engagement of CD40, thereby promoting the recognition and elimination of tumour cells by endogenous, unmodified T cells^[@CR115],[@CR116]^. Another example comes from CAR T cells modified to secrete soluble herpesvirus entry mediator (HVEM, also known as TNFRSF14), which binds to the inhibitory receptor B lymphocyte and T lymphocyte attenuator (BTLA) on B cell lymphoma cells, thereby causing tumour suppression^[@CR117]^.

### Increasing CAR T cell persistence {#Sec12}

With regard to prolonging the persistence of CAR T cells in patients, one promising strategy is predicated on the use of T cell populations with higher percentages of less differentiated T cell subsets that have a greater proliferative capacity, such as naive T cells, stem cell memory T (T~SCM~) cells and central memory T (T~CM~) cells^[@CR50],[@CR118]^ (Fig. [4Ba](#Fig4){ref-type="fig"}). Preclinical studies using CAR T cells generated from preselected naive T cell populations or manufactured in the presence of kinase inhibitors to generate CAR T cells with a less-differentiated phenotype have revealed the superior engraftment, proliferation and antitumour activity of these cells compared with traditional CAR T cell products^[@CR50],[@CR119],[@CR120]^. Furthermore, infusion of CAR T cells into patients at a defined 1:1 CD4^+^ to CD8^+^ T cell ratio has been shown to result in cell dose-related increases in CAR T cell expansion and fewer toxicities^[@CR121],[@CR122]^. Trials designed to test CAR T cell products selectively generated from CD8^+^ T~CM~ cells are currently underway (NCT01087294)^[@CR123]^.

Co-stimulation is a vital part of effective CAR T cell function, but excess co-stimulatory signalling might decrease the persistence of CAR T cells in patients. Thus, engineering strategies are being developed to address this issue, including altering the co-stimulatory domain of the CAR to decrease the intensity of the signal, for example, by mutating some of the immunoreceptor tyrosine-based activation motifs within the CD28 domain^[@CR124]--[@CR126]^. Modulation of the co-stimulatory signal can also be achieved through co-expression of ligands for auto-stimulation and *trans*-stimulation of CAR T cells. For example, seeking to combine the rapid activatory kinetics afforded by the CD28 co-stimulatory domains and the better persistence associated with the 4-1BB domain, Zhao et al.^[@CR127]^ demonstrated that co-expression of 4-1BBL on CAR T cells with CD28 co-stimulatory domains results in armoured CAR T cells with a longer duration of persistence, decreased expression of exhaustion markers and a high CD8^+^ to CD4^+^ T cell ratio compared with CAR T cells expressing only CD28-based or 4-1BB-based CARs (Fig. [4Bb](#Fig4){ref-type="fig"}). These 4-1BBL-expressing CAR T cells are currently being tested in clinical trials in patients with relapsed CD19^+^ haematological malignancies (NCT03085173)^[@CR128]^.

Solid tumours {#Sec13}
-------------

In contrast to the striking successes achieved with CAR T cells in the treatment of patients with haematological malignancies, no equivalent successes have been demonstrated to date in patients with solid tumours, which collectively account for \~90% of cancer-related deaths^[@CR129]^. The disappointing results in patients with solid tumours can be attributed to several factors; the lack of suitable tumour-specific antigens --- or TAAs with expression profiles that are likely to be associated with tolerable on-target, off-tumour toxicities --- is an obvious barrier to effective CAR T cell therapy for solid tumours. Nevertheless, the collective lack of efficacy observed with diverse CAR T cell products targeting several different solid tumour antigens suggests the existence of general barriers that could potentially be surmounted with additional CAR T cell engineering. The complicated structure and cellular milieu of solid tumours influences both tumour biology and response to therapy^[@CR130]^. Solid tumours reside in tissues with lower numbers of endogenous T cells than lymphoid tissues and perhaps also lower levels of homeostatic cytokines and other T cell-supportive factors normally derived from the bone marrow and lymph node stroma. The structure of the solid tumour stroma can pose a physical barrier to CAR T cell penetration. In addition, suppressive immune cells, such as regulatory T (T~reg~) cells and myeloid-derived suppressor cells, and immunosuppressive ligands, such as programmed cell death 1 ligand 1 (PD-L1), present in the TME might all quell intrinsic antitumour immune responses as well as CAR T cell responses.

### Overcoming antigen heterogeneity in solid tumours {#Sec14}

Numerous strategies have been developed to overcome the antigen heterogeneity of solid tumours, some of which mirror the aforementioned strategies to overcome antigen escape in haematological malignancies. For example, anti-EGFR BiTEs have been shown to increase the efficacy of anti-EGFRvIII CAR T cells in mouse models of glioblastoma and also of antifolate receptor-α CAR T cells in preclinical models of ovarian, colon or pancreatic cancer^[@CR99],[@CR131]^. Several technologies have been developed to create universal CARs for which adapter elements are used as ligands to enable the targeting of multiple antigens with a single CAR T cell population (Fig. [4Ac](#Fig4){ref-type="fig"}). For example, avidin-linked CARs (named biotin-binding immune receptors) in combination with biotinylated antibodies can be used not only to control CAR T cell activity similar to a safety switch but also to target multiple antigens, either sequentially or simultaneously^[@CR132],[@CR133]^. Similar approaches involve the use of CARs with scFvs that recognize a fluorescein isothiocyanate fluorophore conjugated to TAA-binding molecules in order to target multiple antigens simultaneously^[@CR134]--[@CR137]^. Likewise, CARs that incorporate FcγRs as the antigen-binding domain enable the use of therapeutic TAA-binding antibodies to target multiple antigens with a single CAR molecule^[@CR138]^. In the SUPRA (split, universal and programmable) CAR system^[@CR139]^, leucine zipper motifs are used to match CARs (zipCAR) with free scFvs (zipFv), again enabling simultaneous targeting of multiple antigens as well as the inclusion of multiple antigen logic gates and attenuation of CAR T cell activation (the CAR T cells are only active when zipFv are present). These and other technologies might provide a means to successfully target heterogeneous solid tumours in patients while minimizing off-tumour toxicities.

### Increasing trafficking to solid tumours {#Sec15}

Numerous engineering strategies have been developed to improve CAR T cell trafficking to solid tumours. In patients, CAR T cells have been infused directly to tumours at various anatomical sites, including the brain^[@CR27]^, breast^[@CR102]^, pleura^[@CR140]^ and liver^[@CR141],[@CR142]^, in order to avoid the requirement for recruitment from the blood, with some promising responses observed. Local infusion of CAR T cells might also limit on-target, off-tumour toxicities^[@CR143]^. This general approach might be limited to single tumour lesions or oligometastatic disease and might be more resource intensive than more established local therapies; however, locally delivered CAR T cells have the potential to expand and traffic to other tumour sites and to promote responses of endogenous immune cells against tumours. Indeed, in two patients who received infusions of T cells transduced with mRNA encoding an anti-mesothelin CAR, one of whom received both intravenous and regional infusions, evidence of an evoked antitumour humoral response involving multiple additional antigens was detected^[@CR140]^. Similar results have not yet been widely reported in studies involving the intratumoural delivery of CAR T cells, but this result illustrates the potential to use localized delivery to initiate systemic antitumour immune responses. Nevertheless, many metastatic solid tumours are not amenable to localized therapy and thus efforts to engineer CAR T cells with an intrinsic ability to traffic to sites of disease are underway.

Numerous chemokines mediate immune cell trafficking^[@CR144]^, and modulation of chemokine signalling has been explored to enhance T cell localization to tumours (Fig. [4Ca](#Fig4){ref-type="fig"}). In a preclinical study^[@CR145]^, expression of the macrophage colony-stimulating factor 1 receptor (CSF-1R) in CAR T cells made these cells responsive to CSF-1 (a monocyte-recruiting chemokine that is enriched in many solid tumours), which enhanced the proliferative effects of CAR signalling without compromising cytotoxicity and did not induce *trans*-differentiation to the myeloid lineage. Forced expression of the CC-chemokine receptor 4 (CCR4), which is typically expressed on T helper cells and T~reg~ cells and is activated by CC- chemokine ligand 17 (CCL17) and CCL22 (which are secreted by Reed--Sternberg cells of Hodgkin lymphoma), enhanced both CAR T cell migration to tumours and antitumour activity in a mouse xenograft model of Hodgkin lymphoma^[@CR146]^. Similarly, forced expression of CCR2b, which is the receptor for CCL2 (a chemokine overexpressed in multiple types of solid tumours), increased the infiltration of anti-GD2 CAR T cells into neuroblastoma xenograft tumours by more than tenfold^[@CR147]^ and anti-mesothelin CAR T cell infiltration into mesothelioma xenografts by more than 12-fold, with associated increases in antitumour activity^[@CR148]^.

### Overcoming physical barriers in the solid tumour microenvironment {#Sec16}

Several approaches have been explored to enhance the ability of CAR T cells to penetrate physical barriers to enter into the TME of solid cancers and negotiate inhibitory stromal structures (Fig. [4Cb](#Fig4){ref-type="fig"}). The protease fibroblast activation protein (FAP) is expressed by many tumour-associated stromal fibroblasts and has a role in remodelling of the tumour extracellular matrix (ECM), making this prolyl endopeptidase an attractive target for increasing immune-cell infiltration into tumours. Efforts to target FAP-expressing stromal cells with CAR T cells have had mixed results. In one study, FAP-targeted CAR T cells caused cachexia and bone toxicity via effects on FAP^+^ stromal cells in the bone marrow and had limited effects on the progression of various tumour types in immunocompetent mice^[@CR149]^. However, in another study using immunocompetent mouse models, FAP-targeted CAR T cells with a different anti-FAP scFv decreased tumour growth when administered in combination with a vaccine, without severe toxicities^[@CR150]^. Thus, the efficacy and toxicity profile of FAP-targeted CAR T cells requires further investigation.

Engineering CAR T cells to secrete ECM-modifying enzymes is another approach to facilitating the penetration of these cells into solid tumours. Anti-GD2 CAR T cells engineered to degrade heparin sulfate proteoglycans in the ECM through expression of heparinase had an improved capacity to infiltrate xenograft tumours in mice and prolonged survival as compared with CAR T cells lacking heparinase expression^[@CR151]^. Other ECM-degrading enzymes are also under exploration for a role in CAR T cell therapy^[@CR152]^. Caution is warranted, however, following the observation that addition of the pegylated form of the ECM-degrading enzyme hyaluronidase (PEGPH20) to chemotherapy decreased the overall survival of patients with pancreatic adenocarcinoma in one trial^[@CR153]^, although this effect was not seen in a second trial using a different chemotherapy regimen^[@CR154]^. Of note, patients who received PEGPH20 in these trials required low molecular weight heparin supplementation to compensate for an increased risk of thromboembolic events, presenting the possibility that T cells engineered to modify the ECM might also increase the risk of such events. Thus, while ECM modification is an exciting frontier in CAR T cell therapy for solid tumours, caution is warranted given the complicated and currently unpredictable effects of ECM-modifying enzymes.

### Overcoming T cell inhibitory signals {#Sec17}

In addition to localizing to the tumour, CAR T cells need to overcome direct T cell inhibitory signals present in the TME. While multiple inhibitory signals can be present in the TME, the best characterized pathway involves PD-1. PD-1 is an immune-checkpoint receptor expressed on activated T cells and, when bound by PD-L1, which can be expressed by tumour cells as well as other cell types, induces T cells to adopt an exhausted, ineffective phenotype. Inhibition of the PD-1 pathway can result in dramatic clinical benefit in patients with certain types of cancer^[@CR155]^. Notably, expression of PD-1 and other inhibitory receptors has been demonstrated to be a mechanism of CAR T cell dysfunction^[@CR156]^, and numerous groups have demonstrated increased efficacy of CAR T cell therapy with coadministration of antibodies that inhibit the PD-1 pathway in preclinical models^[@CR157]^ and in subsets of patients with ALL^[@CR158]^ or diffuse large B cell lymphoma^[@CR159]^. Similarly, dramatic antitumour responses have been observed in a subset of patients who received anti-PD-1 antibodies following mesothelin-targeted CAR T cell therapy^[@CR160]^.

Rather than use CAR T cells in combination with established immune-checkpoint inhibitors, researchers have demonstrated successful strategies to genetically engineer disruption of the PD-1 pathway into CAR T cells themselves (Fig. [4Da](#Fig4){ref-type="fig"}). For example, anti-mesothelin CAR T cells transduced with a truncated, dominant-negative PD-1 receptor lacking intracellular signalling domains, which is able to bind to PD-L1 but is incapable of conveying inhibitory signals, resist PD-L1-induced exhaustion and prolong survival in mice bearing xenograft pleural mesotheliomas as compared with CAR T cells lacking this decoy receptor^[@CR161]^. An alternative approach involves PD-1 switch receptors, in which the extracellular domain of PD-1 is fused to the transmembrane and intracellular signalling domain of CD28. Accordingly, these switch receptors transduce an activating co-stimulatory signal when stimulated by PD-L1 as well as acting as dominant-negative inhibitors of immunosuppressive signalling via endogenous PD-1 molecules in T cells^[@CR162]--[@CR164]^ or CAR T cells^[@CR165]^ used for adoptive cell therapy, thereby enhancing efficacy in various preclinical models. CAR T cells have also been engineered to secrete antagonistic IgG1 antibodies that can bind to PD-L1 on tumour cells and antigen-presenting cells, which prevents T cell exhaustion and recruits NK cells that can mediate antibody-dependent cellular cytotoxicity to tumours, as demonstrated in a mouse xenograft model of renal cell carcinoma^[@CR166]^. Similarly, CAR T cells engineered to secrete antagonistic anti-PD-1 scFvs have enhanced functionality and prolong survival in xenograft^[@CR167]^,^[@CR168]^ and immunocompetent syngeneic mouse models of PD-L1^+^ haematological or solid cancers^[@CR167]^. Notably, these scFvs can also bind to and prevent suppression of endogenous bystander T cells in the TME^[@CR167]^, demonstrating the potential for combining CAR T cell technologies with immune-checkpoint inhibition as a means of both enhancing CAR T cell function and enlisting endogenous antitumour T cell populations.

In addition to physical antagonism of the PD-1--PD-L1 pathway, gene silencing techniques involving short hairpin RNAs^[@CR161]^ or CRISPR--Cas9 (ref.^[@CR169]^) have been used to delete the gene encoding PD-1 (*PD1*) in CAR T cells. Notably, however, a potential role of PD-1 in T cell activation has been reported^[@CR170],[@CR171]^, warranting further investigation of the effects of these approaches on CAR T cell function. Similarly, short hairpin RNA-mediated downregulation of the inhibitory receptor CTLA-4 improved the function of first-generation, CD3ζ-signalling CAR T cells but had no functional effect on second-generation, CD28--CD3ζ-signalling CAR T cells^[@CR172]^.

CAR T cells have also been engineered to counter the actions of adenosine in the TME, which can activate adenosine receptor A~2A~ and thereby inhibit T cell function, through expression of a small-peptide disrupter of the interaction between the A~2A~-activated kinases PKA and ezrin^[@CR173]^, siRNA silencing of A~2A~ (ref.^[@CR174]^), or with nanoparticles to deliver a small-molecule A~2A~ antagonist^[@CR175]^. Furthermore, dominant-negative receptors that act as a sink for immunosuppressive cytokines, such as TGFβ, and thereby enhance CAR T cell function in the TME have been developed^[@CR176]^. CAR T cells have also been modified to express decoy or switch cytokine receptors that functionally convert inhibitory signals present in the TME into proinflammatory signals. Examples include fusion of IL-4 receptor ectodomains with endodomains of the IL-7 receptor^[@CR99],[@CR177]^ or with the shared β-subunit of the IL-2 and IL-15 receptors^[@CR178]^, thus translating inhibitory IL-4 signals into homeostatic IL-7, IL-2 or IL-15 signals (Fig. [3Ad](#Fig3){ref-type="fig"}). T cells and CAR T cells engineered to express a dominant-negative version of the proapoptotic receptor Fas have increased resistance to apoptotic signals from the Fas ligand (FasL) present in the TME, resulting in improved antitumour activity in syngeneic mouse models of various solid or haematological cancers^[@CR179]^.

In addition to inhibitory signals, the availability of oxygen, amino acids (such as tryptophan, arginine and cysteine) and other nutrients influences the metabolism, function and differentiation of T cells, and the general scarcity of these nutrients in the TME can trigger T cell inhibitory pathways or otherwise suppress T cell function^[@CR180]^. For example, arginine has important roles in T cell function^[@CR181]^, and competition with cancer cells and other cells of the TME for this amino acid might result in suppression of the antitumour activity of T cells. Accordingly, pre-treatment of TCR-transgenic T cells with arginine in vitro increased the antitumour activity of these cells after infusion into mice with melanomas expressing the cognate antigen^[@CR181]^. Intriguingly, elevated potassium levels in the TME have been shown to influence nutrient uptake by T cells, resulting in metabolic shifts and epigenetic changes that preserve T cell stemness and inhibit the differentiation of these cells towards effector phenotypes^[@CR182]^. Correspondingly, in vitro pre-treatment with potassium increases the persistence and antitumour activity of adoptively transferred human T cells in mouse xenograft models^[@CR182]^. In another example of modification of T cell metabolism to overcome aspects of the metabolically hostile TME, expression of the antioxidant enzyme catalase enables T cells to overcome granulocyte-mediated oxidative stress in vitro^[@CR183]^. As these examples illustrate, modifying and engineering T cell metabolic pathways might provide new opportunities to increase the efficacy of CAR T cells in patients with solid tumours.

### Altering the milieu of the solid tumour microenvironment {#Sec18}

As an alternative to overcoming inhibitory signals in the TME, CAR T cells can be engineered to provide immunostimulatory signals that enhance the activity of CAR T cells themselves and, in some cases, also induce an endogenous antitumour response through remodelling of the microenvironment of solid tumours. Regardless of the number of TAAs targeted, antigen escape is always a concern with CAR T cell therapy and thus recruitment of endogenous immune cells might be necessary to propagate the antitumour immune response. Augmenting CAR T cells to secrete stimulatory cytokines that not only foster the proliferation, survival and antitumour activity of T cells but also alter the immune milieu of solid tumours is an area of active investigation. Indeed, numerous cytokines have been explored to create such forms of armoured CAR T cells (Fig. [4Db](#Fig4){ref-type="fig"}), which are also known as T cells redirected for universal cytokine killing (TRUCKs)^[@CR184]^.

In a mouse model of thymoma, preconditioning with cyclophosphamide to facilitate engraftment of anti-CD19 CAR T cells resulted in elevated levels of the proinflammatory cytokine IL-12 (ref.^[@CR185]^). IL-12 has a multifaceted role in the immune response, including activation of both T cells and NK cells. Subsequently, genetic modification of CAR T cells to express IL-12 resulted in increased cytotoxicity and resistance to T~reg~ cell-mediated inhibition in vitro, better engraftment without preconditioning chemotherapy and enhanced antitumour activity in vivo^[@CR185]^. IL-12 expression also resulted in dramatic CAR T cell expansion from limited numbers of cells isolated from umbilical cord blood samples, introducing the possibility of generating CAR T cells from small volumes of cord blood for patients with haematological malignancies undergoing allogeneic haematopoietic stem cell transplantation (HSCT)^[@CR115]^. In a subsequent study^[@CR186]^, IL-12-secreting CAR T cells targeting MUC16^ecto^, which is the membrane-retained portion of the serum cancer biomarker mucin-16 (CA-125), were subsequently shown to have increased antitumour activity in xenograft or immunocompetent syngeneic mouse models of ovarian cancer^[@CR187]^. In these models, the IL-12-secreting armoured CAR T cells had an increased proliferative capacity, better survival and greater cytotoxicity than the parental, unarmoured CAR T cells and were also more resistant to apoptosis and PD-L1-induced dysfunction^[@CR187]^. Together, these data supported the initiation of a clinical trial of MUC16^ecto^-targeted, IL-12-secreting CAR T cells in patients with ovarian cancer (NCT02498912)^[@CR188]^. In mice xenografted with carcinoembryonic antigen (CEA)-positive and CEA^--^ colon cancer cell lines, IL-12-secreting, CEA-targeting CAR T cells have greater anticancer activity than their counterparts lacking IL-12 secretion through promotion of macrophage-mediated killing of the antigen-negative tumour cells^[@CR189]^. Similarly, IL-12-secreting CARs targeting VEGFR2 have increased efficacy in multiple mouse models of well-vascularized solid cancers^[@CR190]^. In these models, CAR T cells also altered the immunosuppressive TME by targeting VEGFR2-expressing myeloid-derived suppressor cells; however, the overall antitumour effect was dependent on the expression of the IL-12 receptor on host cells other than T cells and B cells^[@CR190]^. Notably, lethal toxicity has been observed in clinical trials with systemic IL-12 infusions^[@CR191]^, and life-threatening haemodynamic instability was observed in a clinical trial of IL-12-secreting tumour-infiltrating lymphocytes^[@CR192]^; however, expression of IL-12 by CAR T cells via different gene-expression cassettes, for example, from internal ribosome entry sites or promoters with inducible nuclear factor of activated T cells (NFAT) binding motifs, can result in lower levels of IL-12 production^[@CR193],[@CR194]^. Thus, preclinical results have demonstrated the therapeutic promise of IL-12-secreting CAR T cells, although drastic dose-dependent variability in immune responses and toxicities are concerns that must be considered in ongoing and future clinical trials.

IL-15 is required for the differentiation, homeostasis and survival of T cells and NK cells^[@CR195]^. In comparison with unarmoured anti-CD19 CAR T cells, the expansion and antitumour activity of armoured CAR T cells expressing IL-15 were increased, with decreased apoptosis and PD-1 expression, in mouse xenograft models of Burkitt lymphoma and in patient-derived B cell chronic lymphocytic leukemia (CLL) samples in vitro^[@CR195]^. Secretion of IL-15 by anti-IL-13Rα2 CAR T cells and by anti-GD2 CAR T cells has subsequently been shown to increase the survival of mice bearing orthotopic glioma xenografts^[@CR196]^ and metastatic neuroblastoma xenografts^[@CR197]^, respectively. In a mouse xenograft model of leukaemia, a modified form of IL-15 tethered to the cell membrane of CAR T cells enhanced the anticancer activity and persistence of these cells, engendering them with a memory-like phenotype, and prevented disease relapse^[@CR198]^. Moreover, fusion of the IL-15 receptor signalling domain to the CD28 co-stimulatory signalling domain of an anti-CD19 CAR resulted in the generation of CAR T cells with enhanced in vivo persistence in preclinical models and induced complete remission in one patient with ALL^[@CR199]^. Thus, IL-15 can enhance the persistence and activity of CAR T cells in vivo, although limited evidence of the effects on the TME in immunocompetent models is available for this cytokine. Additionally, concerning exogenous cytokine-independent in vitro clonal expansion has been observed following transduction of mature human lymphocytes to express IL-15, suggesting a potentially dangerous autocrine loop^[@CR200]^. Moreover, mice with near-ubiquitous overexpression of IL-15 develop leukaemia with a T cell or NK cell phenotype^[@CR201]^. Clinically, toxicities, such as hypotension, thrombocytopenia and elevations in serum aspartate transaminase and/or alanine transaminase levels, have been observed with systemic administration of IL-15 (ref.^[@CR202]^). Given that the half-life of the recombinant IL-15 used in this trial was \<3 hours, IL-15 produced continuously by CAR T cells might have different pharmacokinetic and toxicity profiles. Nevertheless, engineering strategies using nanogels to 'backpack' large quantities of IL-15 onto CAR T cells have revealed that high doses of IL-15 can be delivered to tumour sites without systemic toxicities, at least in preclinical models^[@CR203]^.

IL-18 is a multifunctional cytokine secreted by macrophages. This cytokine can alter the phenotype of T cells and NK cells and has been shown to enhance the engraftment of human effector T cells and inhibit that of immunosuppressive human T~reg~ cells in mice^[@CR204]^. Multiple groups have demonstrated that armoured CAR T cells secreting IL-18 have enhanced functionality compared with their unarmoured counterparts and can alter the inflammatory TME and recruit endogenous immune cells to the tumour in syngeneic immunocompetent mouse models^[@CR205]--[@CR207]^. Importantly, IL-18-secreting CAR T cells have been associated with an increased abundance of proinflammatory M1-polarized macrophages in the TME, depletion of anti-inflammatory M2-polarized macrophages and T~reg~ cells^[@CR206]^, and recruitment of endogenous T cells^[@CR205]^ in these models. In patients with cancer, systemic administration of IL-18 is well tolerated, with mostly low-grade toxicities^[@CR208]^. Nevertheless, IL-18 has pathogenic roles in autoimmune diseases^[@CR209]^ and might also promote tumour progression, angiogenesis, immune escape and metastasis^[@CR210]^; thus, caution is warranted when investigating IL-18-secreting CAR T cells in the clinic.

Other cytokines have been explored in preclinical models to enhance CAR T cell function. IL-7 and the chemokine CCL19 support T cell recruitment and persistence in lymph nodes; engineering of CAR T cells to simultaneously express these proteins, in an attempt to mimic the cytokine environment of lymphoid organs, resulted in increased tumour penetration and antitumour activity of these cells in mice with solid tumours (an effect that was not seen with the expression of either cytokine alone) as well as in increased recruitment of endogenous immune cells and epitope spreading^[@CR211]^. In other preclinical models, delivery of IL-33 to the TME via CAR T cells enhanced tumour immunogenicity^[@CR212]^, while secretion of IL-36γ by CAR T cells greatly enhanced CAR T cell expansion and persistence in vivo^[@CR213]^.

Addressing manufacturing challenges {#Sec19}
===================================

The current FDA-approved CAR T cell products as well as the majority of those used in clinical trials to date are manufactured using autologous T cells obtained from the intended recipient patient. This personalized approach to anticancer therapy has been associated with remarkable successes in the clinic, although generating CAR T cells in this way limits the number of patients who can benefit from this therapy, for several reasons. First, harvesting sufficient numbers of T cells from patients with cancer can be difficult, as many patients are lymphopenic as a sequalae of the disease or previous chemotherapy. In paediatric patients, chemotherapy also decreases the percentage of naive T cells in peripheral blood, which are important for the clinical activity of CAR T cells^[@CR214]^, and low levels of this T cell subset can lead to production failure^[@CR215]^. Second, autologous CAR T cell products have a lengthy and individualized manufacturing process that might not be feasible for patients with advanced-stage cancer, in whom the disease might progress during manufacturing^[@CR4],[@CR5]^. Finally, failure of CAR T cell production can also be attributable to the characteristics of the apheresis product^[@CR216]^. For example, disease-related dysfunctions of T cells^[@CR217]^, such as those described in patients with CLL^[@CR218],[@CR219]^ or solid tumours^[@CR220]^, can result in unsuccessful manufacturing or inferior products that lead to poor response rates in patients.

CAR T cells engineered from allogeneic donor T cells present an alternative to autologous CAR T cells and could circumvent the manufacturing issues of inadequate cell numbers, suboptimal T cell states and delays in treatment. In patients with haematological malignancies, HSCT is commonly performed, and CAR T cells produced from the original human leukocyte antigen (HLA)-matched allogeneic haematopoietic stem cell donors have been used. Indeed, the treatment of patients with persistent B cell malignancies following allogeneic HSCT using donor-derived leukocytes expressing CD19-directed CARs has led to complete and partial remissions^[@CR221]--[@CR223]^. GVHD has developed in a subset of patients in a few of these studies^[@CR222],[@CR223]^, although some of these events might have been attributable to prior treatment, and allogeneic CAR T cell therapy has been associated with a lower rate of GVHD than that expected with traditional donor lymphocyte infusion. The CAR constructs used in these studies had a CD28 co-stimulatory domain, and findings in preclinical models have suggested that CARs with a 4-1BB co-stimulatory domain are associated with a greater risk of GVHD than those with a CD28 co-stimulatory domain^[@CR224]^. Partially HLA-matched donor-derived viral antigen-specific T cells are a second potential source of allogeneic T cells for transduction with CAR constructs^[@CR50]^. These CAR T cells lack alloreactive potential because the TCR is virus specific and reportedly have promising activity in patients with relapsed B cell leukaemia after allogeneic HSCT^[@CR225]^.

As observed in the studies discussed above, the engrafted allogeneic donor T cells can become reactive to cells of the recipient, resulting in GVHD^[@CR222]^. Conversely, the host immune cells can also recognize and eliminate the donor T cells. Expression of CARs in alternative allogeneic donor cell types, such as NK cells (which have intrinsic MHC-unrestricted activity), might avoid the development of GVHD, but has been associated with decreased persistence of the CAR-modified cells in patients^[@CR226],[@CR227]^. Nevertheless, researchers are also exploring a variety of engineering solutions to the challenges posed by T cell alloreactivity, with the goal of engineering universal, 'off the shelf' allogeneic CAR T cells. These CAR T cells could be manufactured in bulk from healthy donors to be readily available for use in a timely manner, while also addressing other production and T cell quality issues.

One approach to engineering such universal CAR T cells involves the use of genome-editing techniques to abolish the expression of αβTCR and/or MHC class I (MHC I) complexes in allogeneic donor T cells. Knocking out the expression of either the TCR α or β chains prevents donor CAR T cells from recognizing host alloantigens, and thus GVHD, because the αβTCR heterodimer is necessary for the assembly and activity of the entire TCR complex. Deletion of the α chain through targeted disruption of the *TRAC* locus has been the most common GVHD-avoidance strategy to date^[@CR228]^. The β chain is encoded by two *TRBC* genes (*TRBC1* and *TRBC2*) and, therefore, knocking out this subunit is potentially more complicated. Editing out MHC I in donor T cells conversely prevents recognition of these cells by T cells of the recipient and thus rejection of the graft.

Zinc finger nucleases (ZFN) are artificial restriction enzymes that can be engineered to cause double-stranded DNA breaks at defined locations within the genome. These breaks are subsequently repaired by the non-homologous end joining or homologous recombination DNA repair pathways, which can be exploited to disrupt, and thereby prevent, the expression of the target gene. CAR T cells have been modified using ZFN to eliminate the expression of the TCR α or β chains (and thus functional TCRs)^[@CR229]^, or the HLA-A^[@CR230]^ or β2 microglobulin (β2M)^[@CR231]^ subunits of MHC I; these CAR T cells did not cause GVHD in preclinical models. Transcription activator-like (TAL) effector nuclease (TALEN) technologies have also been used to knockout the TCR^[@CR232]^, and TALEN-edited anti-CD19 CAR T cells have induced remissions in infants with B cell ALL, with no GVHD observed^[@CR233]^. Fusion proteins comprising a meganuclease conjugated with a TAL repeat DNA recognition domain (termed megaTAL) have also been used to disrupt αβTCR^[@CR228]^. However, these gene-editing methods require the design of specific pairs of nucleases, which has limited the widespread use of these systems. Alternatively, the CRISPR--Cas9 platform has been used to prevent the expression of the TCR α chain^[@CR234],[@CR235]^ or a combination of the TCR α and β chains, β2M and PD-1 (refs^[@CR231],[@CR236]^) in CAR T cells. Deletion of αβTCR and β2M has also been successfully achieved using a combination of the CRISPR--Cas9 and TALEN platforms, termed Cas-Clover^[@CR237]^. Insertion of the CAR gene construct into the *TRAC* locus has also been achieved using CRISPR--Cas9 in preclinical models, thereby knocking out the TCR and inserting the CAR in one step^[@CR238]^; this feat has also been achieved using an engineered I-CreI homing endonuclease and an adeno-associated virus donor template^[@CR239]^. These approaches have the dual advantage of eliminating the endogenous TCR, thereby reducing the risk of GVHD and thus facilitating the use of allogeneic CAR T cells, whilst simultaneously enhancing CAR T cell function by reducing tonic signalling and ensuring uniform cell-surface levels of CAR expression as well as efficient recycling of internalized CARs back to the cell surface.

Beyond genome-editing techniques, alternative genetic engineering approaches have been used to eliminate TCR expression in CAR T cells, including the protein expression blocker (PEBL) system, whereby a 21-amino acid endoplasmic reticulum retention signal linked to an anti-CD3ε scFv is used to prevent TCR expression on the cell surface^[@CR240]^. PEBL has been demonstrated to avoid GVHD without affecting the antitumour activity of CAR T cells in mouse models^[@CR240]^.

Importantly, none of these techniques enables TCR knockout in 100% of CAR T cells^[@CR241]^, thus necessitating further purification of the T cell products prior to use in patients; however, whether an acceptable level of contaminating TCR-expressing allogeneic donor CAR T cells exists that will not result in GVHD is currently unknown. Furthermore, knockout of MHC I molecules might lead to NK cell-mediated killing and might not prevent CAR T cell rejection mediated by MHC II molecules, which are expressed in activated T cells. Worldwide, several trials designed to test gene-edited allogeneic CAR T cells in patients with cancer are currently ongoing^[@CR9]^ (Table [1](#Tab1){ref-type="table"}).Table 1Open clinical trials of genetically engineered allogeneic CAR T cellsTarget antigenDiseaseClinicalTrial.gov identifierSponsorCD19R/R CD19^+^ leukaemia and lymphomaNCT03166878Chinese PLA General HospitalR/R B-ALLNCT02746952Institut de Recherches Internationales ServierR/R large B cell or follicular lymphomaNCT03939026Allogene TherapeuticsR/R NHL or B-ALLNCT03666000Precision BioSciencesR/R B cell malignanciesNCT04035434CRISPR TherapeuticsR/R B cell haematological malignanciesNCT03229876Shanghai Bioray LaboratoryElderly patients (≥60 years of age) with R/R CD19^+^ B-ALLNCT02799550The Affiliated Hospital of the Chinese Academy of Military Medical SciencesCD19 and CD20 or CD22R/R leukaemia or lymphomaNCT03398967Chinese PLA General HospitalCD123Acute myeloid leukaemiaNCT03190278Cellectis S.A.BCMAMultiple myelomaNCT03752541Shanghai Bioray LaboratoryMultiple myelomaNCT04093596Allogene TherapeuticsNKG2D ligandsUnresectable metastatic colorectal cancerNCT03692429CelyadMesothelinMesothelin^+^ solid tumoursNCT03545815Chinese PLA General HospitalB-ALL, B cell acute lymphoblastic leukaemia; BCMA, B cell maturation antigen; CAR, chimeric antigen receptor; NHL, non-Hodgkin lymphoma; NKG2D, natural killer cell receptor D; R/R, relapsed and/or refractory.

A second approach to engineering universal CAR T cells is to generate them in vitro from mismatched allogeneic haematopoietic progenitor cells, which will subsequently develop into functional mature CAR T cells in the host. This approach ensures that the MHC restriction of the infused CAR T cells is determined by the host MHC molecules, thereby reducing the risk of GVHD. Naive T cells have been generated from haematopoietic stem cells present in donor bone marrow or cord blood samples, embryonic stem cells or induced pluripotent stem (iPS) cells through culturing with stromal cells and Notch ligands, commonly the OP9 mouse bone marrow stromal cell line and Delta-like ligand 1 (DLL1) or DLL4 (ref.^[@CR242]^). Preclinical studies with CAR-expressing T cell precursors have demonstrated in vivo maturation of these T cells, with no GVHD observed^[@CR243],[@CR244]^. Importantly, donor T cells that have been reprogrammed to restore pluripotency and create CAR iPS cells are capable of self-renewal and can be banked^[@CR245]^. Indeed, a single cell-derived CAR iPS master cell line, FT819, has been created by dedifferentiating peripheral T cells into iPS cells followed by biallelic disruption of the *TRAC* locus with the CAR gene^[@CR246],[@CR247]^. This strategy has resulted in a well-defined, expandable cell product derived from a single source with no native TCR and with expression of the CAR under transcriptional control of the *TRAC* endogenous regulatory elements.

Eliminating the requirement to generate an autologous CAR T cell product through the aforementioned approaches might avoid treatment delays. In addition, the development of universal CAR T cells will provide opportunities for upscaling of manufacturing and banking of the product. These improvements in manufacturing could potentially expand the access of patients with cancer to CAR T cell therapies and might also lead to decreases in the substantial costs of CAR T cell therapies.

Future perspectives {#Sec20}
===================

CAR T cells are a new class of therapy and, indeed, a new therapeutic paradigm. The modular design of current CARs (Fig. [1](#Fig1){ref-type="fig"}) enables refinements to address the disease-specific challenges posed by the TME. By using synthetic biology and gene-editing technologies, researchers can efficiently engineer CAR T cells to be safer and more effective (Fig. [5](#Fig5){ref-type="fig"}). Moreover, CAR T cells can be used as living T cell 'micropharmacies' for the targeted delivery of immunomodulatory molecules to the TME.Fig. 5Life cycle of a CAR T cell and associated challenges to safe and effective therapy.Many obstacles must be overcome over the life cycle of chimeric antigen receptor (CAR) T cells, including production issues, physical barriers to tumour infiltration, tumour heterogeneity in antigen expression, immunosuppressive factors in the tumour microenvironment and challenging toxicities. Researchers have devised several novel engineering solutions to address each of these issues, as outlined in this figure. BiTEs, bi-specific T cell engagers; BTLA-4, B and T lymphocyte attenuator 4; CRS, cytokine release syndrome; CTLA-4, cytotoxic T lymphocyte protein 4; DC, dendritic cell; GM-CSF, granulocyte--macrophage colony-stimulating factor; ICANS, immune effector cell-associated neurotoxicity syndrome; MDSCs, myeloid-derived suppressor cells; PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1; scFv, single-chain Ig variable fragment; TGFβ, transforming growth factor-β; T~reg~, regulatory T cells.

Importantly, however, increasing the complexity of CAR designs and gene editing of T cells might amplify the risks associated with CAR T cell therapy. For example, viral transduction and the use of gene-editing machineries come with the danger of off-target disruption of genes^[@CR232]^. Indeed, transformation of T cells into malignant clones, owing to insertional mutagenesis involving either activation of endogenous proto-oncogenes by viral promoters or disruption of tumour-suppressor genes, is a well-anticipated theoretical risk of any gene therapy. Such transformation through insertional mutagenesis has not been described in patients to date, although viral insertion into genes has been observed clinically in lentivirally transduced CAR T cells used in the treatment of a patient with CLL^[@CR248]^. Specifically, the CAR gene was inserted into the *TET2* loci and led to a clonal expansion of T cells^[@CR248]^; this clonal T cell population eventually contracted spontaneously, but this event highlights the risk of treating patients with genetically modified cells. As experience with adoptive cell transfer accumulates, however, researchers are becoming more comfortable with this risk, and a first-in-human trial has been initiated to evaluate an NY-ESO-1-directed transgenic TCR T cell product with multiple CRISPR--Cas9 gene edits to remove endogenous TCR and PD-1 (NCT03399448).

Intricate gene editing of cellular products ex vivo also adds complexity to the manufacturing process. Experience with the current CAR T cell manufacturing process has demonstrated that circulating tumour cells harvested together with lymphocytes in the apheresis product can inadvertently be transduced with the CAR construct, which can result in antigen masking via binding of CARs expressed by these tumour cells to TAA on the same cells, resulting in clonal expansion and tumour cell escape in vivo^[@CR249]^. The CAR T cell technology is the first clinically approved gene therapy, and ongoing monitoring of gene editing-related complications in trials of CAR T cell products will help to further characterize the long-term risks relating to the emerging field of gene editing in medicine and might facilitate the development of solutions to these complications.

Novel engineering approaches might also add to the already high cost of CAR T cell manufacturing. The cost of CAR T cell production, especially the high cost and time associated with the production of clinical grade retroviruses, is only one of many factors that are reflected in the final cost of these therapies; however, methods to reduce manufacturing costs, such as the use of non-viral vectors, might help to improve affordability^[@CR250]^.

Conclusions {#Sec21}
===========

Exciting approaches are currently under development to increase the efficacy and scope of CAR T cell therapies while improving the safety and facilitating the efficient production of these agents. These promising engineering solutions to optimize CAR T cell biology will lead to the adoption of this technology for more widespread use in anticancer therapy and expand the benefits of CAR T cells for patients.
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